ABSTRACT
RESUMO

O alumínio (Al) é altamente tóxico para as plantas, causando estresse e inibindo o crescimento e o silício (Si) é considerado benéfico para as plantas. Este elemento químico tem uma alta afinidade com o Al. O objetivo deste estudo foi investigar o potencial do Si em amenizar os efeitos tóxicos do Al sobre plantas de batata (Solanum tuberosum L.) e avaliar se esse comportamento é diferente entre os genótipos com diferente sensibilidade ao Al. Plantas de batata dos genótipos SMIJ319-7 (sensível ao Al) e SMIF212-3 (tolerante ao Al) foram cultivadas por 14 dias em solução nutritiva (sem P e pH 4,5±0,1), sob exposição a combinações de Al (0 e 1,85mM) e Si (0; 0,5 e 1,0mM). Após esse período, parte aérea e raízes dos dois genótipos foram coletadas para determinar o conteúdo de Al nos tecidos e avaliar parâmetros morfológicos das raízes e parte aérea. Raízes de ambos os genótipos acumularam mais Al do que a parte aérea, e o genótipo tolerante ao Al acumulou mais Al do que o sensível, tanto nas raízes quanto na parte aérea. Além disso, a presença de 0,5 e 1,0mM de Si juntamente com Al reduziu o conteúdo de Al na parte aérea em ambos os genótipos e nas raízes do genótipo tolerante ao Al, respectivamente. O Si amenizou os efeitos tóxicos do Al para número de ramificações de raízes e de folhas em ambos os genótipos de batata. Si tem o potencial para amenizar os efeitos tóxicos do Al em plantas de batata, independente da sensibilidade ao Al.
INTRODUCTION
Potato (Solanum tuberosum L.) is the third most important food crop in the world, after rice and wheat (BIRCH et al., 2012) . Several variables affect the performance of potato plants. Among those which can be manipulated by man, nutritional management is one of the most important (WESTERMANN & DAVIS, 1992) . Several studies showed that potato plants exposed to various toxic metals such as aluminum (Al) the growth medium can absorb these metals and translocate them to leaves and tubers (TABALDI et al., 2007; GONÇALVES et al., 2009 ), whereby they can be introduced into the food chain.
Aluminum is the most abundant metal (GOODWIN & SUTTER, 2009) on earth. However, Al has no essentiality known to man (ExLEY, 2012) or to most vegetables (LIANG et al., 2005) . Bioavailability and, in consequence, toxicity of Al is mainly restricted to acid environments (pH below 4.5) (POSCHENRIEDER et al., 2008) , which leads to a high-risk health scenario for humans, animals, plants and micro-organisms (GHNAYA et al., 2013) . Al interferes negatively in different cultures, reducing biomass production, interfering more directly in the growth of roots (GOODWIN & SUTTER, 2009) ; thus, affecting the uptake, transport and bioactivity of essential elements (Ca, Mg, P and K) and water by plants (MIMMO et al., 2009) , as well as increased sensitivity to other stresses, especially drought stress (MA, 2005) . The apoplastic-bound Al hinders, especially at pH 4.00 and 4.50, the phosphate uptake by plants (GESSA et al., 2005) . Cell walls and intercellular spaces, the so-called apoplast, are the first compartments of the root that contact with the potentially toxic Al species present in the soil solution (POSCHENRIEDER et al., 2008) . Scanning electron micrographs showed a collapse of the fibrillar structure of calcium-polygalacturonate network, as a consequence of Al 3+ immobilization, and a loss of porosity (MIMMO et al., 2003) . Thus, development of strategies that result in lower plant uptake of these toxic elements in the soil is important, because it optimize the use of natural resources and the production of safe food.
Among the alternatives sought to solve the problems with toxic metals in plant growth is the use of beneficial elements which can ameliorate the harmful effects of these elements when used in low concentrations. Accordingly, silicon (Si), although not essential to most plants, is considered a beneficial element for various crops (LI et al., 2011; CAMARGO et al., 2014) , increasing the tolerance of plants to insect attacks, diseases, unfavorable weather conditions and presence of metals (DONCHEVA et al., 2009; LI et al., 2011; MEENA et al., 2014) . Furthermore, Si improves the nutritional status of plants and the physical and chemical properties in soil, supporting the maintenance of nutrients in available forms for plants (MEENA et al., 2014) . The supply of Si increased the edible yield and the quality level, reducing the nitrate concentration in edible tissues of corn salad (Valerianella locusta (L.) Laterr) plants (GOTTARDI et al., 2012) . Thus, the aim of this study was to investigate the potential of Si to mitigate the toxic effects of Al on potato genotypes differing in Al tolerance, SMIJ319-7 (Al-sensitive) and SMIF212-3 (Al-tolerant) and assess whether this behavior is related to different sensitivities to Al.
MATERIAL AND METHODS
Two potato genotypes, SMIJ319-7 (aluminum-sensitive) and SMIF212-3 (aluminumtolerant), obtained from the Potato Improvement and Genetics Program, UFSM, Santa Maria, RS, were propagated in vitro during 25 days in MS medium (MURASHIGE & SKOOG, 1962) supplemented with 30g L -1 sucrose, 0.1g L -1 myoinositol and 6g L -1 agar. After this period, plants were transferred to plastic trays with a 17-liter capacity containing complete nutrient solution for acclimatization. Plants were exposed to a complete nutrient solution for three days. /Na EDTA). After this period, plants were cultivated for fourteen days in a new nutrient solution (without P and pH 4.5±0.1) with exposure to combinations of two Al concentrations (0 and 1.85mM as AlCl 3 ) and three silicon (Si) concentrations (0, 0.5 and 1.0mM as Na 2 SiO 3 ). A solution without P was used because P could be absorbed by Al already precipitated in the root free space or the P may be precipitated as insoluble Al phosphates (GESSA et al., 2005) , which results in a smaller amount of free Al. A huge amount of precipitated Al can mask other fractions both in the apoplasm and symplasm (POSCHENRIEDER et al., 2008) .
Treatments were arranged in a completely randomized design with three replicates per treatment and fifteen plants per replicate for each genotype. With the exception of Al and Si, concentrations of other mineral elements in the nutrient solution were the same for all treatments. The nutrient solution was replaced every seven days and the pH was adjusted daily.
At the end of the experiment (fourteen day of exposure to Al and/or Si), samples (roots and shoot) were separated and washed with deionized water twice and dried at 60°C until reaching constant weight. Dried tissues were weighed and ground into a fine powder before nitric-percloric digestion. Al concentrations were determined by atomic absorption spectrometry. A standard calibration curve was prepared for the 0-200mg L -1 Al concentration range.
Leaves and roots of two potato genotypes were collected to determine number of leaves and stolons, leaf area (with the aid of an Epson 11000 xL scanner and WinRhizo Pro Software), dry biomass of shoot and roots (roots and shoot were placed in paper bags and taken to the oven at 65°C until constant weight), and morphological parameters of the root system: total length, surface area, total volume, root diameter, and number of branches and tips. The roots of the two potato genotypes were digitalized with the aid of an Epson 11000 xL scanner and analyzed using WinRhizo Pro Software. Data were analyzed as a two-factor experiment (genotype x treatment) using analysis of variance and Scott Knott test for treatments at 5% error probability, using the Sisvar application (FERREIRA, 2008) .
RESULTS AND DISCUSSION
In this study, calculations with 'Visual MINTEQ' software showed that about 67% of the nominal aluminum (Al) concentration (based on the initial ion concentration) are in the monomeric form, both in the presence and absence of silicon (Si), while over 92% of the Si concentrations are in the form that is absorbed by plants (H 4 SiO 4 ), both in the presence or absence of Al.
In general, potato plant roots accumulated more Al in both genotypes, whereas small amounts of Al were transported to the shoot (Table 1) . This accumulation of Al in the roots can cause root growth inhibition, directly or indirectly affecting the growth, metabolism and productivity of the entire plant. The presence of 0.5 and 1.0mM Si in the growth medium together with Al reduced the Al content in shoot of both genotypes and in roots of the Al-tolerant genotype, respectively (Table 1) , which results in there being a smaller amount of Al free to cause damage in these tissues. This reduction in Al content is attributed to the formation of biologically inactive hydroxyaluminosilicate complexes in the growth medium (MA et al., 1997) . However, in acidic solutions (pH 4.5), such as that used in this study, this is not the main factor because only low concentrations of Al hydroxide are formed in solutions with a low pH (KIDD et al., 2001 ) (in this study, only 7.5%, according to Visual MINTEQ software). Therefore, we consider an effect in planta as the main factor contributing to the reduction in the content of Al by Si. BARCELÓ et al. (1993) suggested that the formation of alumino silicate compounds in the walls of root cortex cells inhibits the uptake of A1 into the protoplast. Thus, it is suggested that part of Al is complexed with Si in the plant; thus, reducing translocation to the shoot. Furthermore, Si deposition on the plant may have reduced binding sites for Al, resulting in lower metal translocation from roots to shoot.
In the presence of Al, there was a significant reduction in root length, in number of root tips and in root surface area (Table 1) for both genotypes. Aluminum binds strongly to negatively charged carboxylic groups in the cell wall of cortical and epidermal cells in the roots (DELHAIZE et al., 1993) , altering the binding and distribution of ions in the apoplast (KINRAIDE, 1993) , which directly influences the growth of the organ. MIMMO et al. (2009) showed that the pectin matrix is the main target of Al accumulation, thereby affecting extensibility and porosity of the cell wall (HORST et al., 1999) . Besides, MIMMO et al. (2003) suggest that Al interaction with the fibrillar structure of calciumpolygalacturonate hinder the transport of metal ions (nutrients) across the soil-root interface and thus the nutrient uptake by plants.
Silicon failed to alleviate the toxic effects of Al on these parameters, even though Al accumulation was lower in the Al-tolerant genotype exposed to the higher Si concentration. Nevertheless, the growth parameters exposed in table 1 related a tendency for Si to reduce the damage caused by Al. So, exposure time of plants to the different treatments was not sufficient for Si to ameliorate the toxic effects of Al.
For root diameter (Table 1) , there was no significant difference among treatments in both potato genotypes. Thus, under the experimental conditions used in this research, Al decreased the elongation of roots, but did not affect the diameter of these roots (Table 1) .
The presence of 1.0mM Si in the growth medium promoted an increase in the volume of roots (Table 1) in the SMIF212-3 genotype (Al-tolerant) when compared to the control. This allows a greater area for water and nutrient uptake. Furthermore, for some root growth parameters, plants of SMIF212-3 genotype receiving 0.5mM Si without Al inferred considerable lower growth than those receiving 1.0mM Si without Al. In this genotype, there was inhibition and activation of ascorbate peroxidase activity (an enzyme of antioxidant system) at 0.5 and 1.0mM Si, respectively (DORNELES, 2015) , possibly influencing the root growth in this genotype. showed that at 0.5mM Si, Si activity was higher (50.15µmol L -1 Si) than at 1.0mM Si), suggesting that this higher activity of Si caused inhibition in these growth parameters. Conversely, the Al presence in the growth medium resulted in a reduction in root volume and in number of root branches in both potato genotypes when compared with the control (Table 1 ). The presence of Si (0.5 and 1.0mM in the Al-sensitive and 0.5mM in the Al-tolerant genotype) significantly ameliorated the toxic effects of Al to number of root branches, when compared with treatment with only Al. In general, Si was beneficial for both genotypes in regard to leaf number, leaf area (Table 2) , and stolon number (Table 1) . This increase in leaf number and leaf area promoted by Si resulted in greater interception of solar radiation, and consequently higher accumulation of biomass in these plants. In addition, leaf number (Table 2 ) was significantly reduced in Al treatments in both genotypes. Al transported from roots to shoot (Table 1 ) may have negatively influenced the formation and growth of these organs, which could trigger a reduced photosynthetic rate and lower production of biomass in these plants.
For SMIJ319-7, there was a significant increase in leaf number in the Si (1.0mM) + Al treatment, when compared to treatment containing only Al. In this case, Si significantly alleviated the toxic effects of Al on this parameter (Table 2) . KORNDöRFER & LEPSCH (2011) reported that Si has beneficial effects on growth of different cultures due to deposition of Si in the cuticle of leaves, giving protection to plants and mitigating the effects of biotic and abiotic stresses. The number of stolons (Table 1 ) was higher in SMIF212-3 when compared with SMIJ319-7 genotype. In the Al-sensitive genotype, 1.0mM Si + Al treatment induced an increase in stolon number, when compared to control plants and plants exposed only to Al.
In both genotypes an increase was observed in shoot dry weight when the potato plants were exposed to 1.0mM Si ( Table 2 ). The same response was observed in the roots of the Al-tolerant genotype (SMIF212-3) ( Table 2 ). The beneficial effect of Si can Table 1 -Effect of silicon (0, 0.5 and 1.0mM) on Al content in the shoot and roots, root branch number, root tips, root surface area, root length, root diameter, root volume and stolon number in two potato genotypes, SMIJ319-7 (Al-sensitive) and SMIF212-3 (Altolerant) cultured in the presence (+Al; 1.85mM) or absence of Al (-Al).
- be attributed, at least in part, to anatomical variations produced by the deposition of silica on the walls of epidermal cells, which keep the leaves upright and improve light interception, stimulating photosynthesis and thereby promoting higher accumulation of biomass (MA & TAKAHASHI, 2002; SÁVIO et al., 2011) . In addition, Si improves mineral absorption of plants, increasing the availability of some nutrients (PAVLOVIC et al., 2013) as nitrate and iron (GOTTARDI et al., 2012) , causing an increase in biomass production (LEE et al., 2010) . Exposure to Al caused a reduction in shoot and root dry weight in both genotypes, when compared with the control (Table 2) , and the addition of Si did not ameliorate the toxic effects of Al on these parameters. The reduction in shoot and root dry weight may possibly be related to a limited absorption of nutrients, such as Ca and Mg, caused by Al (MERIñO-GERGICHEVICH et al., 2010) . Biomass data corroborate the data for the morphological parameters of the root system (Table 1) and shoot growth (Table 2) , where the presence of Al produced a significant reduction of these parameters in both potato genotypes.
CONCLUSION
Si reduced Al accumulation in shoot in both genotypes (0.5mM) and in roots of Al-tolerant genotype (1.0mM) and ameliorated the toxic effects of Al in regard to number of root branches and leaves in both potato genotypes. Therefore, Si has the potential to mitigate the toxic effects of Al in potato plants regardless of the Al sensitivity. In addition, this research contributes to the development of strategies that result in lower plant uptake of toxic elements, optimizing the use of natural resources and the production of safe food. Table 2 -Silicon (0, 0.5 and 1.0mM) on the leaves number, leaf area, shoot dry biomass and root dry biomass in two potato genotypes, SMIJ319-7 (Al-sensitive) and SMIF212-3 (Al-tolerant) cultured in the presence (+Al, 1.85mM) or absence of Al (-Al).
----------------------------Leaves Number------------------------------------------------------Leaf Area (cm²)----------------------------Treatments SMIJ319-7 SMIF212-3 SMIJ319-7 SMIF212-3 Control 9.4±0. 
Ac ---------------------Shoot dry biomass (g plant -1 )--------------------------------------Root dry biomass (g plant -1 )---------------------
